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The self-dual spacetime was derived from the mini-superspace approach, based on the polymeriza-
tion quantization procedure in loop quantum gravity (LQG). Its deviation from the Schwarzschild
spacetime is characterized by the polymeric function P , purely due to the geometric quantum ef-
fects from LQG. In this paper, we consider the observational constraints imposed on P by using
the solar system experiments and observations. For this purpose, we calculate in detail the effects
of P on astronomical observations conducted in the Solar system, including the deflection angle of
light by the Sun, gravitational time delay, perihelion advance, and geodetic procession. The ob-
servational constraints are derived by confronting the theoretical predictions with the most recent
observations. Among these constraints, we find that the tightest one comes from the measurement
of the gravitational time delay by the Cassini mission, which yields 0 < P < 5.5 × 10−6. In addi-
tion, we also discuss the potential constraint that can be obtained in the near future by the joint
European-Japanese BepiColombo project, and show that it could significantly improve the current
constraints.
I. INTRODUCTION
Einstein’s theory of general relativity (GR) was pro-
posed over a century ago and has successfully passed all
the observational tests carried out so far. In the weak
field regime, GR was tested with various ground- and
space-based precision experiments, including the three
classical tests, namely the perihelion advance of Mer-
cury, the deflection of light by the Sun, and the gravi-
tational redshift [1]. In the strong field regime, GR was
also confronted with observations of binary pulsar sys-
tems [2, 3], the extraordinary observation of the M87*
black hole shadow by the Event Horizon Collaboration
[4], and observations of gravitational waves generated due
to the merging of black holes and/or neutron stars by the
LIGO experiment [5]. These observations are all remark-
ably consistent with the predictions of GR.
Despite of all these successes, there are also various
reasons to believe that GR may not be the complete the-
ory of gravity. First, the accelerated expansion of the
universe [6–9] and the inconsistencies in galaxy rotation
curves [9–13] are difficult to explain within the frame-
work of GR without introducing dark energy and dark
matter. Second, the standard inflationary paradigm in
the early universe also suffers from the trans-Planckian
problem [16, 17]. Third, Einstein’s GR does not employ
any quantum principles and it is still an unsolved ques-
tion of unifying GR and quantum mechanics [14, 15].
In addition, GR inevitably leads to singularities both at
the initial of the universe [18, 19] and in the interiors of
black hole spacetimes [20], at which our known physics
laws become all invalid. All these issues indicate that
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the classical GR might need to be modified. In particu-
lar, the spacetime singularities ought to be resolved after
quantum gravitational effects are taken into account.
Recently, in the context of LQG, a spherical symmetric
spacetime, known as the LQG corrected Schwarzschild
spacetime or self-dual spacetime, was constructed [21]
1. In particular, it has been shown that this self-dual
spacetime is regular and free of any spacetime curvature
singularity. In the construction of the solution, the min-
imum area of the full LQG is the fundamental ingredi-
ent to solve the black hole space-time singularity prob-
lem. Moreover, the deviation of the self-dual spacetime
from the Schwarzschild one can be characterized by the
minimal area and the Barbero-Immirzi parameter arising
from LQG. As mentioned in [31, 37], another important
aspect of this solution is that it is self-dual in sense of
T-duality. One can verify that under the transformation
r → r/a0, the metric remains invariant, with suitable re-
parameterization of other variables, hence marking itself
as satisfying the T-duality.
An important question now is whether the LQG effects
of the self-dual spacetime can leave any observational sig-
natures for the current and/or forthcoming experiments,
so LQG can be tested or constrained directly by obser-
vations. Such considerations have attracted a great deal
of attention lately and several phenomenological impli-
cations of the self-dual spacetime have been already in-
vestigated [32–38]. In particular, the LQG effects on the
shadow of the rotating black hole has been discussed in
details and their observational implications to the lat-
est Event Horizon Telescope (EHT) observation of the
1 In the last couple of years, loop quantum black holes (LQBHs)
have been extensively studied, see, for instance, [22–26]. For
more details, we refer readers to the review articles, [27–30].
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2supermassive black hole, M87*, has also been explored
[39]. In addition, with the calculation of the gravitational
lensing in the self-dual spacetime, the polymeric function
has been constrained by using the Geodetic Very-Long-
Baseline Interferometry Data of the solar gravitational
deflection of Radio Waves [37].
In this paper, we study the effects of LQG to obser-
vations conducted in the Solar System. We calculate in
details the effects of the polymeric function in the self-
dual spacetime to the light deflection by the Sun, the
gravitational time delay, perihelion advance, and geode-
tic procession for a spinning object. With these theoret-
ical calculations, we derive the observational constraints
from some recent observational datasets, including the
VLBI observation of quasars, Cassini experiment, MES-
SENGER mission, LAGEOS satelite, observations of S2
star at Galactic center, Gravity Probe B, and the lu-
nar laser ranging data. Among these constraints, we find
that the tightest constraint comes from the measurement
of the gravitational time delay by the Cassini mission.
In addition, we also discuss the potential constraint that
can be derived in the near future by the joint European-
Japanese BepiColombo project. While more detections
and experiments are continuously being carried out, it
is expected that the constraints on the LQG effects will
be improved dramatically and deeper understanding of
LQG will be achieved.
The plan of the rest of the paper is as follows. In
Sec. II, we present a very brief introduction to the self-
dual spacetime, while in Sec. III, we first consider the
geodesic equations for both massless and massive objects
in this self-dual spacetime. Using these equations we then
derive in details the effects of the polymeric function P
to observations conducted in the Solar System, including
the deflection angle of light by the Sun, gravitational
time delay, and perihelion advance. The upper bounds on
P are obtained by comparing the theoretical predictions
with observational data. Then, in Sec. IV, we study
a spinning object in the self-dual spacetime and derive
the geodetic procession of its spin vector, from which we
obtain the constraints on the polymeric function P by
using the Gravity Probe B and lunar laser ranging data.
A brief summary of our main results and some discussions
are presented in Sec. V.
II. EQUATION OF MOTION FOR TEST
PARTICLES IN THE SELF-DUAL SPACETIME
We start with a brief introduction of the effective self-
dual spacetime, which arises from the quantization of a
symmetry reduced spacetime in LQG. The metric of the
self-dual spacetime is given by [21]
ds2 = −f(r)dt2 + dr
2
g(r)
+ h(r)(dθ2 + sin2 θdφ2), (2.1)
where the metric functions f(r), g(r), and h(r) are given
by
f(r) =
(r − r+)(r − r−)(r + r∗)2
r4 + a20
,
g(r) =
(r − r+)(r − r−)r4
(r + r∗)2(r4 + a20)
,
h(r) = r2 +
a20
r2
. (2.2)
Here r+ = 2M/(1+P )
2 and r− = 2MP 2/(1+P )2 denote
the locations of the two horizons, and r∗ ≡ √r+r− =
2MP/(1 + P )2 with M denoting the ADM mass of the
solution, and P being the polymeric function
P ≡
√
1 + 2 − 1√
1 + 2 + 1
, (2.3)
where  denotes a product of the Immirzi parameter γ
and the polymeric parameter δ, i.e.,  = γδ  1. From
the considerations of black hole entropy [40], the Immirzi
parameter is determined to be γ ' 0.2375. The parame-
ter
a0 =
Amin
8pi
, (2.4)
is the minimum area gap of LQG. By taking a0 = 0 = P ,
it is easy to see that the above solution reduces to the
Schwarzschild black hole exactly. According to [31, 37],
it is natural to assume that the minimal area in LQG
is Amin ' 4piγ
√
3lPl with lPl being the Planck length.
Thus, phenomenologically, the effects of a0 are expected
to be very small at the scale of the Solar System, so we
can safely set a0 = 0.
III. CLASSICAL TESTS OF THE SELF-DUAL
SPACETIME
Let us first consider the evolution of a massive particle
in the self-dual spacetime. We start with the Lagrangian
of the particle,
L = 1
2
gµν
dxµ
dλ
dxν
dλ
, (3.1)
where λ denotes the affine parameter of the world line of
the particle. For massless particles we have L = 0 and for
massive ones we have L < 0. Then the geodesic motion
of a particle is governed by the Euler-Lagrange equation,
d
dλ
(
∂L
∂x˙µ
)
− ∂L
∂xµ
= 0, (3.2)
where a dot denotes the derivative with respect to the
affine parameter λ. Then the the generalized momentum
pµ of the particle can be obtained via
pµ =
∂L
∂x˙µ
= gµν x˙
ν , (3.3)
3which leads to four equations of motions for a particle
with energy E˜ and angular momentum l˜,
pt = gttt˙ = −E˜, (3.4)
pφ = gφφφ˙ = l˜, (3.5)
pr = grr r˙, (3.6)
pθ = gθθ θ˙. (3.7)
From these expressions we obtain
t˙ = − E˜
gtt
=
E˜
f(r)
, (3.8)
φ˙ =
l˜
gφφ
=
l˜
h(r) sin2 θ
. (3.9)
Note that one has gµν x˙
µx˙ν = ε with ε = −1 for timelike
geodesics and ε = 0 for null geodesics. Then, we find
grr r˙
2 + gθθ θ˙
2 = ε− gttt˙2 − gφφφ˙2
= ε+
E˜2
f(r)
− l˜
2
h(r)
. (3.10)
Since we are mainly interested in the evolution of
the particle in the equatorial circular orbits, we will set
θ = pi/2 and θ˙ = 0. Then the above expression can be
simplified into the form
r˙2 = E˜2 − Veff , (3.11)
where Veff is the effective potential of the particle, which
is defined as
Veff = E˜
2 −
(
ε+
E˜2
f(r)
− l˜
2
h(r)
)
g(r). (3.12)
Then by using φ˙ = l˜/h(r), one obtains(
dr
dφ
)2
=
[
h2(r)
l˜2
ε+
E˜2h2(r)
l˜2f(r)
− h(r)
]
g(r). (3.13)
In the following, we shall apply this equation to the cal-
culations of the light deflection angle, gravitational time
delay, and perihelion advance in the self-dual spacetime.
A. Light deflection angle
Let us first investigate the light deflection angle in the
self-dual spacetime. We start from Eq. (3.13), in which
we have ε = 0 for light. Introducing the impact parame-
ter
b ≡ l˜
E˜
, (3.14)
we find Eq. (3.13) reduces to
dφ
dr
= ± 1√
h(r)g(r)
[
h(r)
b2f(r)
− 1
]−1/2
, (3.15)
where ± correspond to increasing and decreasing r, re-
spectively. Then, the distance of the closest path r0 is
defined as dr/dφ|r=r0 = 0, for which we have
b2 =
h(r0)
f(r0)
. (3.16)
The light trajectory is deflected by an angle,
∆φ = 2
∫ +∞
r0
dφ
dr
dr − pi, (3.17)
with dφ/dr being given by (3.15). Considering the weak
field approximation and then expanding the above inte-
gral in terms of the polymeric function P , one obtains
the deflection angle of the light,
∆φ ' 4M
r0
(
1− 2P +O(P 2)
)
= ∆φGR(1− 2P ). (3.18)
To obtain the experimental constraints from the light
deflection experiment by the Sun, let us expression the
deflection angle ∆φ in terms of values of ∆φGR for the
Sun,
∆φ = 1.75′′(1− 2P ). (3.19)
The best available measurement of the solar gravitational
deflection comes from the astrometric observations of
quasars on the solar background performed with the very-
long baseline interferometry (VLBI) [41], which leads to
the constraint on the polymeric function P ,
−2.5× 10−5 < P < 1.25× 10−4 (68% C.L.). (3.20)
Considering P > 0, thus one has
0 < P < 1.25× 10−4 (68% C.L.). (3.21)
For γ = 0.2375, the above constraint can be transformed
to a constraint on the polymeric parameter δ as
|δ| < 0.0942 (68% C.L.). (3.22)
B. Gravitational Time Delay
We consider the time delay where a radar signal is sent
from Earth or spacecraft pass to the Sun and reflect off
another planet or spacecraft. The time delay can also be
studied by using Eq.(3.15), from which one obtains
dt
dr
=
dt
dφ
dφ
dr
=
dφ
dr
t˙
φ˙
= ±1
b
1√
f(r)g(r)
[
1
b2
− f(r)
h(r)
]−1/2
. (3.23)
Then the time spent by a radar signal that travels from
the Sun to the point rA can be obtained by performing
the integral
t(rA) =
1
b
∫ rA
r0
1√
f(r)g(r)
[
1
b2
− f(r)
h(r)
]−1/2
dr. (3.24)
4Again considering the weak field approximations, one
finds
t(rA) '
√
r2A − r20 +M
√
rA − r0
rA + r0
+ 2Marccosh
(
rA
r0
)
−4MP
(√
rA − r0
rA + r0
+ arccosh
(
rA
r0
))
. (3.25)
Then the time delay of a radar signal that is sent from
Earth or spacecraft and then reflects off another planet or
spacecraft can be divided into two cases, the inferior con-
junction and superior conjunction. In the inferior con-
junction case, the planet (or spacecraft, denoted by B),
which reflects the radar signal, is located between the
Earth (or spacecraft, denoted by A) and the Sun. For
this case, the time delay due to the self-dual spacetime
can be obtained by
∆tI ' 4M ln rA
rB
× (1− 2P ) = ∆tGRI (1− 2P ).
(3.26)
In the superior conjunction case, the planet that reflects
the radar signal and the Earth is on opposite sides of
the Sun, and the time delay for this superior conjunction
case can be written as
∆tS ' 4M + 4M ln 4rArB
r20
− 16MP − 8MP ln 4rArB
r20
= ∆tGRS − 16MP − 8MP ln
4rArB
r20
. (3.27)
Here we use the experimental results of the Cassini satel-
lite for the time delay to constrain the polymeric function
in the self-dual spacetime [42]. The Cassini experiment
does not measure the time delay directly, but instead the
relative change in the frequency in the superior conjunc-
tion case,
δν =
ν(t)− ν0
ν0
=
d
dt
∆tS , (3.28)
where ν0 is the frequency of the radio waves emitted from
the Earth and then t being reflected back to the Earth
at the frequency ν(t). Hence, the relative shift in the
frequency is given by
δν ' −8M(1− 2P )
r0
dr0(t)
dt
. (3.29)
The Cassini experiment measures the frequency shift for
approximately 25 days, where 12 days before and 12 days
after the superior conjunction. During one day the dis-
tance of the closet approach of the radio waves changes
by about 1.5R, where R denotes the radius of the Sun.
Thus, the frequency shift induced by the polymeric func-
tion P is
δνP ' 256
27
P
M
R
vE , (3.30)
in which vE = dr0/dt is the velocity of the Earth. In the
Cassini experiment, the accuracy of the relative shift in
the frequency is 10−14 [42], from which one obtains the
constraint
δνP < 10
−14, (3.31)
which leads to
0 < P < 5.5× 10−6. (3.32)
This constraint is stronger than that obtained by the ob-
servations of the deflection angle. Similarly, if one takes
γ = 0.2375, the above constraint leads to the constraint
to the polymeric parameter
|δ| < 0.0199. (3.33)
C. Perihelion Advance
Now let us turn to the massive particles moving in the
self-dual spacetime and study the perihelion advance of
their orbits. We start from Eq. (3.13) with ε = −1 in
terms of a new variable x = 1/r, which yields,(
dx
dφ
)2
= x4
[
−h
2(r)
l˜2
+
E˜2h2(r)
l˜2f(r)
− h(r)
]
g(r).
(3.34)
Differentiating it with respect to φ and then expanding
the equation by assuming that P is a small parameter,
one finds the orbits of the massive particles are governed
by the following differential equation,
d2x
dφ2
+ x− M
l˜2
' 3Mx2
− 4M
(
E˜2
l˜2
+
2M
l˜2
x− 4Mx3
)
P. (3.35)
The right-hand side of the above equation can be treated
as perturbations to the Newtonian gravity. By ignoring
the perturbation terms, the unperturbed solution of the
above equation is given by
x0 =
M
l˜2
(1 + e cosφ), (3.36)
which describes an elliptical orbit with the eccentricity e.
When the perturbations in the right-hand side of (3.35) is
included, the elliptical orbit acquires a small correction,
i..e, x = x0 + x1, where x1 satisfies
d2x1
dφ2
+ x1 ' 3Mx20
− 4M
(
E˜2
l˜2
+
2M
l˜2
x0 − 4Mx30
)
P. (3.37)
Substituting the solution of x0 = M(1 + e cosφ)/l˜
2 into
the above equation, one finds
d2x1
dφ2
+ x1 = A0 +A1 cosφ+A2 cos
2 φ+A3 cos
3 φ,
5(3.38)
where
A0 =
3M3
l˜4
− 4M
(
E2
l˜2
+
2M2
l˜4
+
4M4
l˜6
)
P, (3.39)
A1 =
3M3
l˜4
(
2e− 8
3
eP + 12eP
M2
l˜2
)
, (3.40)
A2 =
3M3
l˜4
(
e2 + 12e2P
M2
l˜2
)
, (3.41)
A3 =
3M3
l˜4
× 16
3
e3
M2
l˜2
. (3.42)
Then the solution of x1 is given by
x1 = A0 +
A2
2
− A2
6
cos(2φ)− 1
32
cos(3φ)
+
(
1
2
A2 +
3
8
A3
)
φ sinφ. (3.43)
In this solution, only the last term (in the second line)
contributes to the perihelion advance, thus one can ignore
the other terms in the solution and finally has
x ' M
l˜2
(1 + e cosφ) +
(
1
2
A1 +
3
8
A3
)
φ sinφ
' M
l˜2
[
1 + e cos
(
φ− δφ0
2pi
φ
)]
, (3.44)
where
δφ0 ' 6piM
2
l˜2
(
1− 4
3
P
)
, (3.45)
which is the angular shift of the perihelia per orbit.
Now we would like to eliminate the angular momentum
l˜ from (3.45). Considering the orbit along (3.44), we find
that the minimum value of r− and the maximum one of
r+ can be obtained from (3.44) at (1−δφ0/2pi)φ = 0 and
(1− δφ0/2pi)φ = pi, respectively. Then, we find,
r− =
l˜
M(1 + e)
, (3.46)
r+ =
l˜
M(1− e) . (3.47)
Thus, the semi-major axis a0 of the ellipse is
a0 =
r− + r+
2
=
l˜2
M(1− e2) . (3.48)
Using this expression, the perihelion advance per orbit
can be expressed as
∆φ = ∆φGR
(
1− 4
3
P
)
, (3.49)
where
∆φGR =
6piM
a0(1− e2) . (3.50)
Note that by taking P = 0, one recovers the classical
result for the Schwarzschild spacetime.
Let us now consider observational constraints that can
be imposed on the polymeric parameter P . We first
consider the observation of the anomalous perihelion ad-
vance for Mercury. The current most accurate detection
was done by the MESSENGER mission [43], in which
the contribution from the Schwarzschild-like procession
is measured to be
∆φ = (42.9799± 0.0009)′′/century. (3.51)
We use the observational error in experimental data to
compute upper-bounds for the polymeric parameter P .
For the motion of Mercury around the Sun, the obser-
vational error is 0.009′′/century. One expects that the
contribution from LQG is less than the observational er-
ror. This procedure leads to a bound on the polymeric
function P as
0 < P < 1.57× 10−5. (3.52)
From this bound, the polymeric parameter δ is con-
strained to be
|δ| < 0.033. (3.53)
We then turn to consider the measured perihelion ad-
vance of LAGEOS satellites around the Earth. Using 13
years of tracking data of the LAGEOS satellites, the pre-
cession of the periapsis of the LAGEOS II satellite was
measured to be [44]
∆φ = ∆φGR
[
1 + (0.28± 2.14)× 10−3
]
, (3.54)
which corresponds to a bound on the polymeric function
P and parameter δ of
0 < P < 0.0014, (3.55)
and
|δ| < 0.32, (3.56)
respectively.
On the other hand, the observations of the stars or-
biting the central black hole of the Milky Way galaxy
provide a different environment to test gravity in the
strong gravity regime. These stars has been observed
for 27 years and now their orbital parameters can be de-
termined very accurately. Recently, the GRAVITY col-
laboration has detected the Schwarzschild precession of
the S2 star to be [45]
∆φ = ∆φGR(1.1± 0.19), (3.57)
where
∆φGR = 12′ (3.58)
per orbit period from the prediction of GR. For the LQG
corrections to the procession, this detection implies
0 < P < 0.0675, |δ| < 2.3. (3.59)
6IV. GEODESIC PRECESSION OF SPINNING
OBJECTS IN THE SELF-DUAL SPACETIME
Now let us turn to consider the evolution of a spinning
particle with its four-velocity vector uµ = dxµ/dλ and
four-spin vector sµ in the self-dual spacetime. The equa-
tion of motions of this type of particles is governed by
two equations, namely, the geodesic equation
duµ
dλ
+ Γµνλu
νuλ = 0, (4.1)
and the parallel transport equation
dsµ
dλ
+ Γµνλs
νuλ = 0, (4.2)
where the four-velocity vector uµ and four-spin vector sν
satisfy the orthogonal condition
uµsµ = 0. (4.3)
The spin vector sµ also satisfies the normalization condi-
tion
sµsµ = 1. (4.4)
Since the self-dual spacetime we considered here is
a spherically symmetric spacetime, we can comfortably
choose to work on the equatorial plane, i.e., with θ = pi/2
without loss of any generality. To simplify the problem,
we further assume that the test spinning particle moves
in a circular orbit, i..e, r˙ = 0 = θ˙. Then the four veloc-
ity uµ = x˙µ can be expressed as follows in terms of the
constants of motion E˜ and l˜,
ut = t˙ =
E˜
f(r)
, (4.5)
uφ = φ˙ =
l˜
h(r)
. (4.6)
One can define the angular velocity of the spinning par-
ticle as
Ω =
uφ
ut
=
l˜
E˜
f(r)
h(r)
. (4.7)
Note that the radial and θ components of the four veloc-
ity vanish since r˙ = 0 = θ˙. For the stable circular orbit
in the equatorial plane, the effective potential Veff(r) in
(3.12) must obey
E˜2 − Veff = 0, dVeff
dr
= 0. (4.8)
Solving this two equations one obtains
E˜ =
√
f2(r)h′(r)
f(r)h′(r)− h(r)f ′(r) , (4.9)
l˜ =
√
h2(r)f ′(r)
f(r)h′(r)− h(r)f ′(r) , (4.10)
Ω =
√
f ′(r)
h′(r)
. (4.11)
Plugging these results into (4.5) and (4.6) we can obtain
ut and uφ of the test spinning particle in equatorial circu-
lar orbits. Then in the self-dual spacetime, the parallel
transport equation (4.2) along the circular orbits with
radius r in the equatorial plane reads
dst
dλ
+
1
2
f ′(r)
f(r)
utsr = 0, (4.12)
dsr
dλ
+
1
2
g(r)f ′(r)utst − 1
2
g(r)h′(r)uφsφ = 0, (4.13)
dsθ
dλ
= 0, (4.14)
dsφ
dλ
+
1
2
h′(r)
h(r)
uφsr = 0. (4.15)
Differentiating (4.13) with respect to the affine parameter
λ and converting λ→ t using the relation dt = utdλ, one
arrives at a second-order ordinary differential equation of
sr,
d2sr
dt2
+
1
4
[
g(r)h′2(r)
h(r)
Ω2 − g(r)f
′2(r)
f(r)
]
sr = 0,
(4.16)
which can be solved to yield,
sr(t) = sr(0) cos(ωgt), (4.17)
where
ωg =
1
2
√
g(r)h′2(r)
h(r)
Ω2 − g(r)f
′2(r)
f(r)
, (4.18)
is the frequency of the oscillation pertaining to the spin
four-vector sµ. Note that in deriving (4.16) we have used
(4.12) and (4.15). Given this solution for the radial com-
ponent sr and one can immediately solve for st, sθ, and
sφ, yielding
st(t) = −1
2
f ′(r)
f(r)
sr(0) sin(ωgt), (4.19)
sθ(t) = 0, (4.20)
sφ(t) = −1
2
h′(r)
h(r)
Ωsr(0) sin(ωgt). (4.21)
Here we have imposed the initial conditions such that the
spin vector was initially directed along the radial direc-
tion, i.e., st(0) = sφ(0) = sθ(0) = 0.
By the inspection of the expression (4.18), it is evident
that the the angular velocity ωg of rotation of the spin
vector is different from the angular velocity of the mas-
sive spinning particle along the circular orbit. It is this
difference that leads to a procession of the spin vector.
To see this clearly, let us compare ωg and Ω by expanding
(4.18) in terms of M and P as
ωg
Ω
=
1
2
√
g(r)h′2(r)
h(r)
− g(r)f
′(r)h′[r]
f(r)
7' 1− 3M
2r
+
2M
r
P, (4.22)
which shows clearly ωg < Ω. This implies that when
the spinning particle completes one rotation along the
circular orbit, the spin vector has not yet completed a
complete circle. This phenomenon is called geodetic pro-
cession. For one complete period of the circular orbit,
the angle of the geodetic procession can be expressed as
∆Θ = 2pi
(
1− ωg
Ω
)
' 3piM
r
(
1− 4
3
P
)
, (4.23)
where the second term in the bracket represents the cor-
rections from the LQG effects in the self-dual spacetime.
It is transparent that the geodetic precession angle ∆Θ
decreases with the polymeric function P . When P = 0
the above geodetic precession angle ∆Θ reduces to the
result for the Schwarzschild spacetime.
The geodetic procession can be tested by using gyro-
scopes in the near-earth artificial satellites, which has
been detected by the Gravity Probe B [46]. Consider-
ing that the Gravity Probe B was spaced at an attitude
of 642 km and had an orbital time period of 97.65 min,
the geodetic effect leads to a procession of the gyroscope
spin axis by 6,606.1 milliarcseconds (mas) per year, as
predicted by GR. This procession is measured by the
Gravity Probe B to be [46]
∆Θ = (6601.8± 18.3)mas/year. (4.24)
This measurement leads to a bound on the polymeric
function P of
0 < P < 2.6× 10−3, (4.25)
which corresponds to a bound on the polymeric parame-
ter δ of
|δ| < 0.43. (4.26)
The Earth-Moon system in the field of the Sun can also
be considered as a gyroscope. This makes it is possible
to detect the geodetic procession by measuring the Lu-
nar orbit by using the Lunar laser ranging data. Recent
measurement of the geodetic procession yields a relative
deviation from GR as [47]
∆Θ−∆ΘGR
∆ΘGR
= −0.0019± 0.0064. (4.27)
From this result one can get the bound of the polymeric
function P of
0 < P < 6.2× 10−3, (4.28)
which corresponds to the bound on the polymeric param-
eter δ of
|δ| < 0.67. (4.29)
V. SUMMARY AND DISCUSSIONS
LQG provides an elegant resolution of both the classi-
cal big bang and black hole singularities. Recently, a reg-
ular static spacetime, the self-dual spacetime, is derived
from the mini-superspace approach, based on the poly-
merization quantization procedure in LQG [21]. In this
paper, we study the observational constraints that can be
imposed on the polymeric function P arising from LQG.
For this purpose, we calculate theoretically the effects
of the polymeric function P to some astronomical ob-
servations conducted in the Solar System, including the
deflection angle of light by the Sun, gravitational time
delay, perihelion advance, and geodetic procession. Con-
fronting the theoretical predictions with the observations,
we derive the upper bound on the polymeric function in
the self-dual spacetime. Our results are summarized in
Table. I.
It is remarkable that the measurement of the gravi-
tational time delay by the Cassini experiment provides
by far the most sensitive tool to constrain the effects of
LQG in the Solar System. This measurement gives the
tightest constraints [cf. in Table. I] on the polymeric
function P of 0 < P < 5.5 × 10−6 and on polymeric
parameter δ of |δ| < 0.0199. Another important con-
straint comes from the observation of the perihelion ad-
vance for Mercury by the MESSENGER mission, which
leads to an upper bound on P of 1.57×10−5. In the near
future, the accuracy of the measurement for the Mer-
cury’s perihelion advance will be significantly improved
by the joint European-Japanese BepiColombo project,
which was launched in October, 2018. It is expected that
this mission will improve the accuracy of the perihelion
advance to be 10−4 as/century [48, 49], which is one or-
der of magnitudes better than the current accuracy of
about 10−3as/century [43]. With this mission, one can
improve the constraints on the polymeric function P to
0 < P . 2 × 10−6, which is much more restricted than
that obtained from the Cassini experiment.
We also calculate the effects of the polymeric function
on the geodetic procession of a spinning object in the
self-dual spacetime. The observation constraints on P
has also been derived from the Gravity Probe B data and
the Lunar laser ranging data. Although these constraints
are not as tighter as those obtained from the observations
of the light deflection angle, gravitational time delay, and
perihelion advance of Mercury, they do provide a different
and interesting window to explore the features of the self-
dual spacetime.
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